Candida albicans RCH1 (regulator of Ca 2 + homoeostasis 1) encodes a protein of ten TM (transmembrane) domains, homologous with human SLC10A7 (solute carrier family 10 member 7), and Rch1p localizes in the plasma membrane. Deletion of RCH1 confers hypersensitivity to high concentrations of extracellular Ca 2 + and tolerance to azoles and Li + , which phenocopies the deletion of CaPMC1 (C. albicans PMC1) encoding the vacuolar Ca 2 + pump. Additive to CaPMC1 mutation, lack of RCH1 alone shows an increase in Ca 2 + sensitivity, Ca 2 + uptake and cytosolic Ca 2 + level. The Ca 2 + hypersensitivity is abolished by cyclosporin A and magnesium.
INTRODUCTION
Membrane-bound transporters are the gatekeepers for whole cells and cell organelles, controlling the uptake and efflux of various compounds. They include SLCs (solute carriers), channels, and ATP-driven pumps and efflux carriers [1] . There are 51 SLC families in humans (http://www.bioparadigms.org). The SLC10 family consists of seven members: SLC10A1 [also called NTCP (Na + /taurocholate-cotransporting polypeptide)], SLC10A2 [also called ASBT (apical sodium-dependent bile acid transporter)], SLC10A3, SLC10A4, SLC10A5, SLC10A6 [also called SOAT (sodium-dependent organic anion transporter)] and SLC10A7 [2] [3] [4] [5] [6] . NTCP mediates uptake of bile acids in hepatocytes, whereas ASBT is involved in bile acid re-absorption from the gut [3] . SOAT specifically transports sulfated steroid hormones [4, 7] . However, the functions of SLC10A3, SLC10A4, SLC10A5 and SLC10A7 remain unknown. Whereas SLC10A1-SLC10A6 genes exist only in vertebrates, SLC10A7-related genes are also present in fungi and bacteria, but their functions are unknown [3, 6] . Candida albicans is the most important human fungal pathogen in immunocompromised patients [8] , and its genome has been completely sequenced, allowing functional studies of target genes [9, 10] . Using the amino acid sequence of human SLC10A7 as query, we identified orf (open reading frame) 19 .5663 as the only sequence homologue in C. albicans. C. albicans cells deleted for orf19.5663 were hypersensitive to Ca 2 + . Therefore orf19.5663 was referred to as RCH1 (regulator of Ca 2 + homoeostasis 1) in the present study. In Saccharomyces cerevisiae, low levels of cytosolic Ca 2 + concentrations are maintained by a regulated interplay of Ca 2 + transporters and sequestrators in the plasma and organelle membranes. Extracellular Ca 2 + normally enters the cytosol through the unknown transporters 'X' and 'M' [11] . The Cch1/Mid1 Ca 2 + channel allows Ca 2 + influx in response to ER (endoplasmic reticulum) stress, pheromones and hypotonic shock [12, 13] . A transient increase in cytosolic Ca 2 + is crucial for cells to properly respond to stresses by activation of the Ca 2 + /calcineurin signalling pathway. However, sustained accumulation of cytosolic Ca 2 + is detrimental to cells. Normally this is prevented by an effective sequestration of Ca 2 + into the vacuole via the Ca 2 + pump Pmc1p and the Ca 2 + /H + exchanger Vcx1p as well as into the ER/Golgi through the Ca 2 + pump Pmr1p [12] . Until now, regulation of Ca 2 + homoeostasis has not been well-studied in C. albicans [8] . However, homologues of the abovementioned Ca 2 + transporters and channels have been identified in C. albicans [14] [15] [16] . The C. albicans vacuolar Ca 2 + pump gene PMC1 is regulated in a calcineurin-and fluconazoledependent manner, but does not play a direct role in the survival of C. albicans when exposed to fluconazole [16] . In the present study we identify Rch1p as an additional regulator of Ca 2 + homoeostasis in C. albicans. Since Rch1p is a yeast homologue of the human carrier SLC10A7, we also expand the functional spectrum of the vertebrate SLC10 family.
EXPERIMENTAL

Strains and reagents
Strains and plasmids used in the present study are listed in Table 1 and primers are listed in Supplementary Table  S1 (at http://www.BiochemJ.org/bj/444/bj4440497add.htm).
Abbreviations used: ASBT, apical sodium-dependent bile acid transporter; CaPMC1, Candida albicans PMC1; CaUTR2, Candida albicans UTR2; cfu, colony-forming units; ER, endoplasmic reticulum; GFP, green fluorescent protein; NTCP, Na + /taurocholate cotransporting polypeptide; orf/ORF, open reading frame; RCH1, regulator of Ca 2 + homoeostasis 1; SLC, solute carrier; SOAT, sodium-dependent organic anion transporter; TM, transmembrane. 1 These authors contributed equally to this work. 2 To whom correspondence should be addressed (email linghuojiang@jiangnan.edu.cn). Two flanking regions of RCH1 at either side of the hisG-URA3-hisG cassette in p5921 Present study pGP8
Plasmid containing the 1-kb promoter of UTR2 fused to the lacZ reporter [24] C. albicans was cultured at 30
• C unless otherwise indicated [17] . 45 Ca 2 + was purchased from PerkinElmer Life Sciences. Antifungal drugs were obtained from Biotrend.
Disruption of RCH1 alleles
To disrupt the two RCH1 alleles, we amplified the 660 bp and 620 bp fragments flanking the RCH1 ORF with primer pairs gF/dR and dF/gR respectively, and cloned them into the hisG-URA3-hisG cassette in p5921 [18] to yield pKF2. The pKF2 was linearized by SacI/PstI and used to sequentially delete the two RCH1 alleles (Supplementary Figure S1C at http://www. BiochemJ.org/bj/444/bj4440497add.htm). Genotypes of the resultant mutants were confirmed by Southern blot analysis (Supplementary Figure S1D) . We used the same strategy to delete RCH1 alleles in cells lacking CaPMC1 (C. albicans PMC1) [16] . Genotypes of the resultant mutants were confirmed by PCR and restriction digestion (Supplementary Figures S1C, S1E and S1F).
Plasmid constructs
The RCH1 gene was amplified with primers gF and gRI and cloned into pCR4 [10] , which yielded pCR4-RCH1. To express an RCH1-GFP (green fluorescent protein) fusion protein, we amplified with primers CaGFP-F(SalI) and CaGFP-R(HindIII) the GFP ORF from pRC2312-GFP [19] and cloned it into pCR4, yielding pCR4-GFP. The promoter and ORF of RCH1 without its stop codon were amplified with primers gF and CaFSP1-ORF-R, and cloned into the SacI and SalI sites of pCR4-GFP, which yielded pCR4-RCH1GFP. Expression of the RCH1-GFP fusion protein in C. albicans cells was examined by Western blot analysis as described previously [20] .
We generated a set of deletion constructs expressing Cterminally truncated and GFP-tagged Rch1p deletion mutants carrying different numbers of C-terminal TM (transmembrane) domains. First, we made use of the HindIII site at the 3 end of the RCH1 ORF (Supplementary Figure S1B) , and PCR amplified with primers CaGFP-F(HindIII) and CaGFP-R(HindIII) a 720 bp DNA fragment encoding the GFP ORF using pRC2312-GFP [19] as template. This fragment was then cloned into the HindIII site of pCR4-RCH1, which yielded pCR4-RCH1P8GFP expressing the RCH1TM1-TM8-GFP fusion protein. Next, the 1.7 kb, 1.6 kb, 1.5 kb or 1.4 kb DNA fragments containing the promoter and partial ORF regions of RCH1 were amplified with primer pairs between gF and R7, R6, R5 or R4, and cloned into the SacI and SalI sites of pCR4-GFP respectively, which yielded pCR4-RCH1P7GFP, pCR4-RCH1P6GFP, pCR4-RCH1P5GFP or pCR4-RCH1P4GFP. These plasmids express the RCH1TM1-TM7, RCH1TM1-TM6, RCH1TM1-TM5 and RCH1TM1-TM4 fusion proteins respectively.
To generate pCR4-RCH1-TM8DGFP, expressing a RCH1 mutant with its TM8 domain deleted, we PCR-amplified the 1 kb DNA fragment, encoding the TM9 + TM10-GFP region, from the plasmid pCR4-RCH1GFP with primers CaFSP1-T9-F and CaGFP-R, cut it with XhoI and HindIII, and ligated it with the pCR4-RCH1P7GFP plasmid that was precut with SalI and HindIII to remove its GFP-encoding region. This resulted in the generation of pCR4-RCH1-TM8DGFP. To generate pCR4-RCH1TM1 + TM8GFP that expresses only the TM1 (the putative signal region) and TM8 domains of RCH1, we amplified with primers gF and CaFSP1-pTM1-R a 958 bp DNA fragment containing the promoter region and the TM1 of RCH1, and cloned it into the SacI and BamHI sites of pCR4, generating pCR4-RCH1TM1. The 900 bp DNA fragment, encoding TM8 + GFP, was amplified from the plasmid pCR4-RCH1P8-GFP with primers CaFSP1-T8G-F and CaFSP1-T8G-R, and cloned into the SalI and BamHI sites of pCR4-RCH1TM1, yielding pCR4-RCH1TM1 + TM8GFP. Inserts in all constructs were confirmed by DNA sequencing. and further incubated. After 1 h and 3 h of incubation, these samples were centrifuged and their supernatants and pellets were subjected to liquid scintillation counting. Additionally, the cfu/ml in each sample was determined on agar plates.
Assays of β-galactosidase activity
The lacZ reporter for CaUTR2 (C. albicans UTR2) (pGP8) was linearized with NheI and integrated into the CaUTR2 locus in RM1000 and the rch1 / mutant, generating XLCA40 and XLCA42 strains respectively. Three independent transformants of each strain were assayed for β-galactosidase activity [21] .
Statistical analysis
Results are presented as means + − S.D. Significant differences were analysed by GraphPad Prism version 4.00. P < 0.05 was considered to be significant.
RESULTS AND DISCUSION
RCH1 encodes a protein of 411 amino acids, which shares a 31 % sequence identity with human SLC10A7 and is conserved in pathogenic and non-pathogenic fungi (Supplementary Figure  S1A and Supplementary Table S2 at http://www.BiochemJ.org/ bj/444/bj4440497add.htm). Both Rch1p and SLC10A7 show ten TM domains with an intracellular localization of their C-and N-termini (Supplementary Figure S1B ) [6] .
To examine the function of RCH1 in C. albicans, we first tested the rch1 / mutant against an array of antifungal drugs on YEPD plates. Compared with the wild-type RM1000 and the heterozygous mutant, the homozygous mutant was modestly tolerant to azoles and terbinafine ( Figure 1A ), but not to amphotericin B and nystatin (results not shown). It was also sensitive to 0.1 % SDS ( Figure 1B ), but showed no altered susceptibilities to 20 μg/ml Calcofluor White, 30 μg/ml Congo Red, 1 M KCl, 1.2 M NaCl, 20 mM MnSO 4 , 500 mM RbCl, 100 mM CsCl or 200 mM MgCl 2 (Table 2) . Interestingly, cells lacking RCH1 were hypersensitive to 0.4 M CaCl 2 , albeit not to 0.2 M CaCl 2 , and were tolerant to 0.4 M LiCl (Figures 1A and  1B, and Table 2 ). These phenotypes are similar to those resulting from the deletion of CaPMC1, encoding the vacuolar Ca 2 + pump [16] . Our results are consistent with previous observations that susceptibility to azoles is related to Ca 2 + homoeostasis and signalling in C. albicans [16, 22, 23] .
Since the mutants for RCH1 and CaPMC1 show similar phenotypes, we deleted the two alleles of RCH1 in the pmc1 / Figures S1C and S1E ). When compared with the pmc1 / mutant, the pmc1Δ/Δ rch1 / double mutant was more sensitive to Ca 2 + , albeit not more tolerant to Li + and fluconazole ( Figure 1C ). Re-introduction of RCH1 to the pmc1Δ/Δ rch1 / mutant reversed Ca 2 + sensitivity to the level of the pmc1 / mutant ( Figure 1D ). Taken together, these data suggest that deletion of RCH1 has an additive effect on the mutation of CaPMC1 in Ca Figure 2A ), indicating that lack of RCH1 leads to a higher intracellular Ca 2 + accumulation. When the 45 Ca 2 + -loaded cells were incubated with a 'Ca 2 + -free' medium, the Ca 2 + elimination rate ( 45 Ca 2 + activity in the supernatant/total cell-associated and supernatant 45 Ca 2 + activities) was similar between the mutant and the wild-type RM1000 strains (middle and right-hand bars in Figure 2A ). These findings demonstrate that deletion of RCH1 leads to increased intracellular Ca 2 + accumulation, but does not affect the Ca 2 + -eliminating capacity of C. albicans. An increased cytosolic Ca 2 + level is expected to activate the Ca 2 + /calcineurin pathway [16] . We therefore analysed the expression of CaUTR2, the downstream target of this pathway [24] , with Results are means for three independent experiments. *P < 0.05 (statistically significant differences between the wild-type and the mutant in response to CaCl 2 ). a CaUTR2p::lacZ reporter. In response to 0.2 M CaCl 2 , the lacZ activity increased only 1.34-fold in the wild-type, but 2.76-fold in the rch1 / mutant ( Figure 2B ), indicating that deletion of RCH1 caused an elevated expression of CaUTR2 in response to extracellular Ca 2 + . Consistently, the Ca 2 + hypersensitivity of the rch1 / mutant was completely abolished by cyclosporin A, the specific inhibitor of calcineurin ( Figure 1B) . Taken together, these results suggest that deletion of RCH1 increases the cytosolic Ca transporters 'X' and 'M' could be competitively inhibited by low levels of extracellular Mg 2 + in S. cerevisiae [11] . We found that the Ca 2 + hypersensitivity of the rch1 / mutant was completely suppressed by the presence of 1 mM Mg 2 + (Figure 1E ), whereas 1 mM Mg 2 + alone did not affect growth (results not shown).
mutant (Supplementary
A similar effect was observed for cells lacking ScPMC1 (S. cerevisiae PMC1) [11] . These results suggest that deletion of RCH1 does not affect the Mg 2 + -sensitive Ca 2 + -influx routes. To examine the localization of Rch1p, we constructed pCR4-RCH1GFP, expressing a RCH1-GFP fusion protein. Western blot analysis indicated that this fusion protein had a molecular mass of ∼ 73 kDa as expected ( Figure 3A) . It was able to reverse the phenotypes due to RCH1 deletion, indicating that it was functional ( Figure 3B ). This fusion protein was weakly distributed in the plasma membrane and, unexpectedly, accumulated at the mother-daughter bud neck, in the yeast-form cells (Figures 3C  and 3D ). However, this signal pattern was not observed in the negative control ( Figure 3F ). These results demonstrate that Rch1p localizes to the plasma membrane.
To analyse functions and subcellular localization of Rch1p TM domains in ion sensitivity and cellular localization, we generated five constructs, pCR4-RCH1P8GFP, pCR4-RCH1P7GFP, pCR4-RCH1P6GFP, pCR4-RCH1P5GFP and pCR4-RCH1P4GFP, which express the TM1-TM8, TM1-TM7, TM1-TM6, TM1-TM5 and TM1-TM4 regions of Rch1p with their C-termini fused to GFP respectively (Supplementary Figure  S1B) . Western blot analysis indicated that the RCH1TM1-TM8-GFP fusion protein was detected, but the other four fusion proteins were not ( Figure 3A and results not shown) . Introduction of pCR4-RCH1P8GFP back into the rch1 / mutant reversed its ketoconazole-tolerant, Li + -tolerant and Ca 2 + -sensitive phenotypes, but introduction of pCR4-RCH1P7GFP, pCR4-RCH1P6GFP, pCR4-RCH1P5GFP or pCR4-RCH1P4GFP did not ( Figure 3B and results not shown) . This suggests that the RCH1TM1-TM8-GFP fusion protein is also functional. Similar to RCH1GFP, RCH1TM1-TM8-GFP was also localized to the plasma membrane and accumulated at the bud neck of yeast-form cells (Figure 3E ). However, we did not observe GFP signals in the rch1 / mutant cells containing pCR4-RCH1P7GFP, pCR4-RCH1P6GFP, pCR4-RCH1P5GFP or pCR4-RCH1P4GFP (results not shown). Taken together, these results indicate that both TM9 and TM10 domains are not required for the salt-and drug-sensitive functions of Rch1p as well as its subcellular localization. Furthermore, introduction of pCR4-RCH1-TM8DGFP, expressing a RCH1 mutant with its TM8 domain deleted, or pCR4-RCH1TM1 + TM8GFP, expressing only the TM1 and TM8 domains of RCH1, back into the rch1 / mutant did not reverse its phenotypes. Western blot analysis did not detect these two proteins in C. albicans cells (results not shown). These results indicate that the TM8 domain is essential for the stability of RCH1 protein, but itself alone is not sufficient to stabilize the Rch1p protein and/or to direct its subcellular localization.
In the present study, we have shown a similar membrane topology and localization between Rch1p and human SLC10A7. Interestingly, C. albicans cells lacking RCH1 exhibit hypersensitivity only to high levels of extracellular Ca 2 + concentrations (>250 mM, results not shown). Although such high extracellular Ca 2 + concentrations would be detrimental to vertebrates, C. albicans can adapt to this condition by a highly effective system of Ca 2 + sequestration into the vacuole and the ER followed by vesicular exocytosis [11] . Several pumps and carriers are involved in this system, including the vacuolar Ca 2 + -ATPase Pmc1p and the vacuolar Ca 2 + /H + exchanger Vcx1p, as well as the ER/Golgi Ca 2 + -ATPase Pmr1p [12, 16] . Expression of PMC1 and PMR1 is up-regulated by the Ca 2 + /calcineurin pathway when the free cytosolic Ca 2 + is elevated in yeast cells. This results in enhanced Ca 2 + elimination, and therefore represents an autoregulatory mechanism [11, 12] . However, Ca 2 + influx into the rch1 / mutant is increased and may overcharge the capacity of the Ca 2 + /calcineurin pathway for Ca 2 + extrusion, and therefore Ca 2 + becomes toxic for the cells. On the basis of this phenotype, we speculate that Rch1p might play a role in Ca 2 + homoeostasis as part of a yet uncharacterized Ca 2 + -efflux system in the plasma membrane or as a negative regulator of the Ca 2 + influx into the C. albicans cells. Unfortunately, we were unable to perform direct Ca 2 + -efflux experiments with the wild-type and the rch1 / mutant strains as it was impossible to load the cells with an identical amount of Ca 2 + for subsequent efflux measurements due to their dramatic difference in Ca 2 + uptake. However, we have observed a rapid and effective Ca 2 + extrusion from the rch1 / mutant in our efflux experiments, and it seems unlikely that Rch1p can have a significant role for the overall Ca 2 + efflux. In line with the fact that Ca 2 + influx in yeast cells is mediated by transporters 'X' and 'M' and the Cch1/Mid1 channel [11, 12] transporters 'X' and 'M' at the plasma membrane [11] . Therefore Rch1p probably interacts with these transporters. The C-terminal TM9 and TM10 domains, which are not required for the stability and cellular functions of Rch1p, might play a role in its interactions with these transporters. Following this concept, Mg 2 + would inhibit the Ca 2 + influx into C. albicans cells in a similar manner as Rch1p, and so might compensate for the loss of Rch1p. Interestingly, transporters 'X' and 'M' undergo a rapid feedback inhibition in response to elevated intracellular Ca 2 + , so a calcineurin-activated capability of Pmc1 and Pmr1 to sequester this additional intracellular Ca 2 + would not be sufficient in protecting the cell from the toxic concentrations of cytosolic Ca 2 + [11] . Rather, a rapid Ca 2 + -dependent feedback inhibition of the Ca 2 + influx would be more efficient to abolish an excessive increase in cytosolic Ca 2 + . As a speculation, Rch1p could be involved in this feedback control by negatively regulating transporters 'X' and 'M' and probably the Cch1/Mid1 channel. This feedback inhibition would be a rapid mechanism to maintain the Ca 2 + homoeostasis besides the promotion of Ca 2 + sequestration and exocytosis via the calcineurin pathway in C. albicans. To further clarify whether or not Rch1p might indeed negatively regulate the carriers 'X' or 'M' or the Ca 2 + channel Cch1/Mid1, further experiments would be required to analyse their double-gene mutant strains.
Concluding remarks
The TM protein Rch1p, homologous with the human orphan carrier SLC10A7, is involved in the regulation of cytosolic 
